ABSTRACT REILLY, C. C., and D. GOTTLIEB. 1979. The mode of action of alternaric acid on Myrothecium verrucaria. Phytopathology 69: 550-555.
during pathogenesis always was indirect and alternaric acid has not grown in Difco Czapek Dox Broth (CDB) modified by adjusting been demonstrated in the infected host. the pH to 3.6 with 1 N HCI prior to autoclaving. Portions (100 ml) Alternaric acid is selectively antifungal, inhibiting the growth of of CDB in 500-ml Erlenmeyer flasks were each seeded with 3 ml of some species of fungi at 1 Ag/ml or less, but not affecting other a suspension of 4-day-old mycelium which had been macerated in a fungal species even at 100 Aig/ml (3) . Alternaric acid is not bacteriWaring Blendor. The cultures also were grown at 26 C on a reciprocidal (3), but is phytotoxic to many and diverse types of higher cal shaker for the periods required in the different experiments.
plants (2) . There is no information on the mechanism of action of Growth measurements. All fungal growth measurements were alternaric acid on fungi or higher plants, made on cultures grown in 50 ml of CDB in 250-ml Erlenmeyer The ultimate aim of our research was to determine the mode of flasks originally seeded with 1 ml of homogenized mycelium (2 mg action of alternaric acid on higher plants but the action of the toxin dry weight per milliliter). The average dry weight of the mycelium on Myrothecium verrucaria was first studied as a model for further was determined in triplicate and each experiment was repeated at investigations on higher plants. This paper describes the effects of least twice. alternaric acid on the growth and physiological processes of the The dry weights of cultures were measured at 12-hr intervals for mycelium of M. verrucaria.
6 days, At 4 days, the cultures were in late log phase and were used for subsequent experiments unless otherwise indicated. The toxic effect of ethanol, the solvent for alternaric acid, was determined at MATERIALS AND METHODS concentrations of 0.05 to 5% in the medium. Toxic action resulted Fungus cultures. An alternaric acid producing strain of in reduction of growth after 4 days and was determined by measurAlternaria solani (Ell. and G. Martin) L. R. Jones and Grant was ing the dry weight of mycelium. obtained from the American Type Culture Collection, ATCC
The effects of alternaric acid on the growth of the fungus also was 11078. The liquid medium for the production of alternaric acid determined on 4-day-old mycelium by comparing the dry weight of consisted of: sucrose, 100 g; KNO 3 , 3.0 g; MgSO 4 .7H 2 0, 0.5 g; cultures containing 0.5% ethanol to the cultures grown in the pres-KH 2 PO 4 , 1.0 g; minor element concentrate, 1.0 ml; and distilled ence of the antibiotic. Alternaric acid in ethanol solution was added water to I L. The minor element concentrate consisted of: to triplicate flasks containing 50 ml of CDB at pH 3.5 to give FeSO,.7HO, 100 mg; MnSO 4 .H 2 0, 10 mg; K 2 MoO 4 .5HO, 10 mg; concentrations of 0.05 to 2.0 /g/ml and 0.5% (v/v), respectively. and distilled water to IL. The reaction of the medium was adjusted
The effects of the pH of the biological activity of alternaric acid to pH 5.5-6.5 before autoclaving. Inoculum for the liquid cultures were measured in triplicate flasks containing 1 ttg/ml alternaric consisted of disks cut with a 5-mm diameter cork borer from the acid in 50 ml of CDB medium for each pH level. The control flasks edge of 10-day-old petri dish colonies of A. solani. Four disks were for each pH contained 0.5% ethanol. The effects of pH on the placed in each 500-ml Erlenmeyer flask containing 150 ml of the antibiotic were determined at initial pH levels ranging from 2.5 to liquid medium. The cultures were grown at 26 C for 15 days on a 7.0, after 4 days of growth. 1-ml portions of the treatments also were assayed for leakage by Model 59 (Yellow Springs Instrument Co., Yellow Springs, OH determining the amounts of 260 nm absorbing materials with a 45387). All measurements were made at 30 C in 5 ml of media, Beckman DU spectrophotometer. consisting of 2 ml of the mycelial suspension and 3.0 ml of the CP Uptake of metabolites. To determine the uptake of metabolites, buffer. The rates of oxygen consumption by the mycelium were first 2-day-old cultures were harvested and suspended in 0.15 M CP measured just prior to the addition of the inhibitors and at various buffer, pH 3.75 in amounts equivalent to 10 mg dry wt mycelium times thereafter. Alternaric acid and antimycin A were added in 50 per milliliter. The experiments were carried out in 10 X 75 mm test /il of ethanol to give the concentrations described in the results.
tubes to which were added 10 Al of ethanol, or alternaric acid in The method of Slater et al (15) was used to collect the C)-acetate (61 mCi/mmol) were purstrates are described in the results section. The experiments were chased from ISC Isotope Specialists, Burbank, CA 91500, and (Ustarted by adding 1.0 ml of the mycelial suspension to the tubes. At 14C)-glucose (240 mCi/mmol) from New England Nuclear, Bosthe desired time, the contents of the tubes were removed by aspiraton, MA 02118. The 14 CO 2 was collected in 125-ml Erlenmeyer tion with a U-shaped tube attached to a Millipore filter apparatus. flasks which contained 10 ml of mycelial suspension. The mycelial
The mycelia were collected on 2 X 2-cm squares of Miracloth suspension (10 mg dry weight per milliliter) was made by placing (Chicopee Mills, Inc., Milltown, NJ 08850) then washed with a freshly harvested 4-day-old mycelium in the CP buffer pH 3.5. At total of 15 ml of a 0.1 M unlabeled solution of the substrate being the start of the experiment, either 100 g1 of ethanol (control flasks) studied. The Miracloth squares containing the mycelia were placed or alternaric acid in 100 #1 of ethanol were added to give the into scintillation vials, 10 ml of Bray's cocktail (1) was added to concentrations described in the results. The " 4 C compound then was each vial, and radioactivity was determined as described previously. added and the flasks were sealed.
The flasks were placed on a reciprocal shake at room temperature RESULTS for 60 min, then 2 ml of 10% trichloroacetic acid (TCA) were Effects of alternaric acid on growth. Ethanol, the solvent for injected into the flasks. Shaking was continued for an additional 60 alternaric acid, was relatively innocuous to the fungus. Ethanol at min to collect all the 14 CO 2 in 0.5 ml of Hyamine® (New England 0.05 to 0.5% did not inhibit fungal growth, but in higher concentraNuclear, Boston, MA 02118). Radioactivity was detected with a tions growth was progressively reduced and was totally inhibited at Packard Tri-Carb scintillation spectrometer, Model 3003 with 10 5%. Five tenths percent ethanol therefore was used in all experiml of Bray's scintillation cocktail (1) after adding 100 gl of the ments that required the addition of alternaric acid. Hyamine containing the absorbed 14 CO. Enzymes of the EmbdenWhen alternaric acid was added to CDB medium at pH 3.5, it Meyerhof-Parnas pathway, hexose monophosphate pathway, and greatly reduced the growth of the fungus. Above 0.05 Ag/ml there the tricarboxylic acid cycle were assayed by the methods described was an increasing effect, with total inhibition at 0.75 Ag/ml (1.8 X by Reilly and Gottlieb (14).
10-6 M) ( Fig. 1 ). At pH 3.5, the LD, 0 of the toxin was 0.25 Aig/ml Pyruvate dehydrogenase was assayed by the method of Land and (6.1 X 10-7 M). Alternaric acid was active at and below pH 4.0, but Clark (11), and NADH Cytochrome C reductase by the method of above this pH, its growth inhibitory activity decreased ( Fig. 2 ). At Dowler, Shaw and Gottlieb (5). Mitochondrial oxidation and oxipH 4.0, inhibition of growth was 100% with l1tg/ml (2.4 X dative phosphorylation were determined by the methods described 10- .00 lia were suspended in 0.1 M CP buffer, pH 3.8, containing glucose at 5 X 10-4 M. The suspension was dispensed in 250-ml Erlenmeyer flasks (150 mg dry weight of mycelium per 25 ml). The control INHIBITION flasks contained 0.25 ml of ethanol, but no antibiotic in the suspen-/ sion. Alternaric acid was added in 0.25 ml ethanol to give the / concentrations described in the results. Cycloheximide and sodium -00 / 75 azide were added as aqueous solutions. Each treatment was made E / in triplicate.
o
These cell suspensions were placed on a reciprocal shaker for 15 " I min, then 2.5 gCi of (U-14 C)-glucose (specific activity 240 D 0 mCi/mM), were added. After 60 min, the mycelia were collected W on pre-weighed filter paper, washed three times with distilled > -50 z water, and dried to constant weight at 70 C in a vacuum oven. The Idried cells were ground and 50 mg were used for the cell fractiona-U_ i z tion procedure of Gottlieb and Van Etten (8) .
0--W The radioactivity of each fraction was determined on 0.05 ml X a: portions of the fraction in 10 ml of Bray's cocktail (1) .
0. Leakage of cell constituents. Comparisons of the effect of the --25 antibiotic filipin (The Upjohn Co., Kalamazoo, MI 49001) with >-that of alternaric acid were made in triplicate flasks containing 25 DRY WEIGHT ml of a suspension of 4-day-old cells (9 mg dry weight mycelium per ml) in 0.1 M glucose in double distilled water. After adjustment of the pH to 3.5 with 0.2 N HCI, the conductivity was 40-60 /mho. Additions to the flasks were: 25 gl ethanol; 25 ,1 ethanol containing 0 ALTERNARIC ACID CONC.,uAg /ml Westlake, OH 44145 with a type CDC 114 conductivity cell was Fig. 1 . Inhibition of growth of the mycelium of Myrothecium verrucaria by used and measurements were made at various incubation times increasing concentrations of alternaric acid. The data are expressed as dry from 0 to 120 min. After the last measurement, the entire suspenweight of mycelium per flask and as the percent inhibition of growth. The * sion was filtered and the filtrate was analyzed for ninhydrin-positive dry weights were determined from 4-day-old cultures grown on a reciprocal materials (12) with leucine as the amino acid standard. Duplicate shaker, 96 spin, at 26 C.
Effects
min after the antibiotic was added. Antimycin A (1 X wall fractions. In similar experiments, cycloheximide 1 0-M), a specific inhibitor of mitochondrial oxygen consumption, (6.5 X 10-5 M), a known inhibitor of protein synthesis, reduced the reduced it about 85% within the first min but no further inhibition incorporation of label into the protein fraction of the cell. Sodium occurred within the next 5 min. Ethanol at 1% (v/v) had no observazide (3 X 10-3 M), an inhibitor of respiration, also inhibited the able effect over a 6-min period. The maximum inhibition obtainincorporation of 1 1C except that the inhibition of incorporation was able was 83% at 8.3 X 10-5 M alternaric acid with no further between 90 and 100% in all fractions. (Table 3 ). The effect of the increase even at 1.02 X 10-4 M. alternaric acid on protein synthesis also was studied in a wheat The inhibitory effect of the alternaric acid on respiration also was germ cell-free system containing a mixture of "C-amino acids and observed in the marked reduction of the production of carbon dioxa hemoglobin RNA message. The antibiotic did not prevent the ide by the fungus. Alternaric acid at 2.4 X 10-4 M, reduced the incorporation of the amino acids into peptides, indicating that the aerobic production of "CO 2 from uniformly labeled glucose by innate ability of the cell to synthesize protein was not diminished 83%; from (1-"C)-acetate, 89%; and (2-14 C)-acetate, 95% ( A were added in 100 #1 of ethanol to give final concentrations indicated.
Effects of alternaric acid on permeability. Alternaric acid, at 100
an A 260 nm of 0.20. Ag/ml (2.4 X 10-4 M), caused a small but linear increase in leakage Alternaric acid at 1.6 X 10-4 M reduced the uptake of glucose, of electrolytes from the mycelium of M. verrucaria as shown by phenylalanine, and acetate, 80%; 2-deoxyglucose and leucine, 74%; conductivity measurements during a 2-hr period (Fig. 4) . Filipin, a uracil, 47% and pyruvate, 22% (Table 4) . Inhibition of six out of the known inducer of leakage, caused a much more rapid loss of elecseven compounds began with the first 2 min; only uracil required a trolytes in the first hour but only a slight additional loss between the slightly longer time. The inhibition in uptake of glucose, which was first and second hour. Ethanol, the solvent for alternaric acid and typical of all the compounds is seen in Fig. 5 . filipin, reduced conductivity over the 2-hr period. The pH of the Antimycin A, a respiratory inhibitor, reduced the uptake of phemedium remained constant at 4.0 during the 2-hr period.
nylalanine, 2-deoxyglucose, uracil, acetate, and pyruvate between 2 After 2 hr, the concentrations of ninhydrin positive materials, and 14% over a 4-min period, whereas alternaric acid reduced their calculated with leucine as the standard, were 0.26, 0.52, and 0.82 uptake between 32 and 68% (Table 5) . mM in the ethanol, alternaric acid and filipin treated media, respectively. No 260-nm-absorbing compounds were detected in DISCUSSION the medium treated with ethanol. The alternaric acid treated medum ad n A260nm f 002 ndthefilpintretedmedum ad The inhibition of growth of M. verrucaria occurred at medium had an A 260 nm of 0.02 and the filipin treated medium had 1.8 X 10-6M alternaric acid but the specific metabolic functions were inhibited between 8.3 X 10-1 and 1.2 X 10-4 M. However, the growth experiments were conducted over a 4-day period whereas 500-the metabolic studies measured effects over much shorter time spans. If growth studies had been conducted over a shorter time period, most. likely the concentration of alternaric acid required to inhibit would have been higher. In addition to its effect on growth, alternaric acid inhibited endogenous aerobic respiration at concen-
400-
trations only slightly greater than that for growth inhibition of M. Sverrucaria.
Despite the decrease in respiration, the antibiotic did not decrease the individual activity of the various enzymes of the >_ Embden-Meyerhof-Parnas pathway, the hexose monophosphate aCPM is expressed as counts per min per mg dry weight of mycelium, and is the mean of three replicates per experiment. Experiment 1: The equivalent of 150 mg dry weight of mycelium was suspended in 50 ml of 0.1 M sodium citrate sodium phosphate buffer, pH 3.8 containing glucose at 5 X 10-4 M. Experiment 2: The volume of the medium was reduced to 25 ml but still contained the equivalent of 150 mg dry weight of mycelium.
fractions to the same degree. Furthermore, cycloheximide inhibited caused no such leakage of electrolytes or ninhydrin-positive and peptide synthesis in a cell free system whereas alternaric acid did 260-nm-absorbing materials, thereby ruling it out as the primary not inhibit this system. Sodium azide, which inhibits mitochondrial mechanism of action. respiration, resembled alternaric acid in that it inhibited all Another membrane function that might control other metabolic macromolecular syntheses.
One common regulatory mechanism for all the syntheses studies might be energy formation which is needed for all such reactions. 
